In a centrifugal pump the interaction between the rotating impeller pressure field and the stationary diffuser pressure field yields pressure fluctuations as the result of a modulation process. These fluctuations may induce hydroacoustic pressure fluctuations in the exit chamber of the pump and could cause unacceptable vibrations. This paper presents a methodology for the prediction of hydroacoustic pressure fluctuations resulting from rotor-stator interaction in a multistage centrifugal pump. The method consists in the one-way coupling of incompressible CFD and hydroacoustic simulations. In a first step the rotorstator pressure fluctuations are calculated using a commercial 3D-RANS CFD-code (CFX 10) for different flow rates. The acoustic simulations are performed in two consecutive steps. Initially a free oscillation analysis using white noise pressure fluctuations is performed, which provides hydroacoustic eigen frequencies and mode shapes of the outlet casing. In a second step the spatially distributed pressure fluctuations from the CFD simulation are used to perform a forced oscillation analysis. This approach allows the prediction of possible standing waves in the hydraulic collection elements in the last stage of multistage pumps. 
INTRODUCTION
Harmful vibratory levels of high specific power pumps can be caused by pressure fluctuations resulting from rotor-stator interactions (RSI) influenced by the vibratory characteristics of the structure and the acoustic properties of the flow passages. These vibrations could compromise the mechanical integrity of rotating and stationary components of the machine [1] .
The first description of the rotor-stator interaction pressure fluctuations has been made by Den Hartog in 1930 [2] . More detailed attempts to describe these pressure fluctuations date back to the 1960ies. Domm and Dernedde [3] derived simple rules for the selection of impeller and diffuser vane numbers from the assumption of periodically fluctuating pressures without taking into account their amplitudes. Bolleter [4] summarized the sources of blade passing tones in centrifugal pumps and gave recommendations for vane number combinations. According to him, only small order diametral modes are problematic and should be therefor avoided. Tanaka [5] presented measurement results of vibrations in pump turbines which were excited by RSI induced pressure fluctuations and explained the interaction between RSI modes and mechanical vibrations of rotating and stationary components. Franke et al. [6] used the operational deflection shape analysis, usually applied in modal analysis to measure the pressure modes arising from rotor-stator interaction.
The phenomenon of standing waves in spiral casings of storage pumps has been first modeled by Chen [7] , who derived a criterion to avoid these standing waves. Dörfler [8] discussed the model of Chen and proposed a modeling of the hydraulic passages with pipe elements and calculating the transfer matrices for these elements.
Haban et al. [9] used the transfer matrix method to calculate the pressure fluctuations in a pump turbine. They included as well the influence of the second viscosity of water [10] and showed by comparing with experimental results that it may have a significant influence. Nicolet et al. [11] simulated the rotorstator interaction phenomenon in a Francis pump turbine in the time domain. They used a network of pipes and valves with an appropriate closing sequence. With this simplified excitation model, a parametric study has been performed.
The present paper presents the results of a simulation of the hydroacoustic response of a centrifugal pump outlet chamber to rotor-stator interaction generated pressure fluctuations using an improved excitation model. First, the phenomenon of rotor-stator interaction is explained and the expected RSI modes for the machine are calculated. Then the results of an unsteady CFD simulation of the stage are presented. The pressure fluctuation amplitudes obtained from this simulation are then applied in a 1D model of the stationary components and the response of these components is analyzed.
ROTOR-STATOR INTERACTIONS
The rotating pressure/velocity field leaving the impeller of a centrifugal pump is interacting with the stationary components downstream. This interaction causes periodic pressure fluctuations at specific frequencies which are multiples of the blade passing frequency. The pressure can be described as the sum of the mean pressure p and the fluctuating part p'. The interaction between the rotating field at the angular coordinates θ B and the stationary field at the angular coordinates θ V can be described as a modulation as follows. The pressure fields in their respective reference frames can be decomposed into Fourier series
and its modulation is calculated according to Bolleter [4] using
Rotating and stationary domain are related to each other through
yielding the time dependent pressure field in the stationary frame of reference
By this equation 2 diametral pressure modes having the following number of nodes [6] :
can be found. These modes are rotating with the angular velocities ω 1 and ω 2 in the stationary reference frame ( [6] ):
The lower the mode order K is, the higher amplitudes are expected [4] . The configuration analyzed here is a typical last stage arrangement of a high energy multistage centrifugal pump as it can be found in various applications. This type of machines often operates with variable speed drives. This speed variation increases the risk to pass through acoustical resonances which could lead to high vibratory levels. The analyzed stage consists of an impeller with z B =7 vanes, a diffuser with z V =12 channels leading into an annular collection chamber with a constant cross section connected to the discharge nozzle (see Fig.1 ). Equation 5 allows the calculation of the rotorstator interaction patterns as presented in Tab.1.
CFD SIMULATION
A fully unsteady CFD simulation of the last stage consisting of the impeller, diffuser, annular chamber and the discharge pipe has been performed in order to calculate the pressure fluctuations at the diffuser inlets which will be used as input for the acoustic simulations.
Mesh, Boundary Conditions and Convergence Criteria
The CFD simulation has been performed using CFX10 with block structured meshes. The boundary conditions and calculation domains can be found in Fig.1 . 4 different mesh variations have been generated in order to study the influence of the mesh density on mean values of pressure and torque as well as on the local pressure fluctuation amplitudes. Based on the results of this analysis, finally a mesh with 1'446'795 elements has been used to perform the unsteady simulation. At the inlet the mass flow rate and the flow angle, at the outlet a constant average pressure have been specified. Between rotating and stationary components a transient rotor-stator interface has been applied. After obtaining an initial solution using a frozen rotor approach, 420 angular steps per revolution have been calculated. The calculation has been performed at the best efficiency point. The con- [12] . Here, not only mean values but also amplitude and phase spectra and the cross-correlation between two consecutive periods are taken into account to judge the convergence of the simulation.
Pressure Fluctuations in Stationary Components
Instantaneous pressure values have been recorded during the simulation in several positions in the rotating and stationary domains. These values are used to check the convergence of the CFD simulation, to compare the resulting pressure fluctuations with the expected rotor-stator interaction pattern and finally the pressure fluctuations in the diffuser inlets are used to derive the excitation signals for the hydroacoustic simulation. In order to simplify the data transfer from the CFD simulation to the acoustic simulation the pressure fluctuations in the diffuser have been decomposed into Fourier series. The time domain signal can be recomposed with
(a n · cos (n ω t) + b n · sin (n ω t))
The decomposition has been performed for discrete multiples of the rotational angular velocity ω n at ω/ω n = [1 7 14 21 28 35 42]. These frequency components have been selected, because they are the resulting frequencies for small K 1 according to Tab.1. Figure 2 shows the comparison between the reconstructed and the original pressure fluctuations, normalized to the mean pressure difference over the stage and the dimensionless pressure fluctuation amplitudes p'. As it can be seen, these 6 components are sufficient to reproduce the original signal, the maximum error was 0.26%. Tracing the phase angles in the different diffuser inlets allows the evaluation of the modes in the stationary domain. Figure 3 shows the phase evaluation for the mode with the order K 1 =2 (f/f n =14). The slope of the lines connecting the points is positive, larger 1 indicating that this mode is positive and rotating in the same direction as the impeller.
HYDROACOUSTIC SIMULATIONS
The acoustic behavior of the stationary components is simulated using the EPFL software SIMSEN. This package, originally developed for the analysis of electrical networks, has been extended to hydraulic systems and used for the simulation of the transient behavior of piping systems and hydraulic machinery ( [13] [14] ) and for free and forced oscillation analysis of piping systems [15] . In the present study the pressure fluctuations obtained from the CFD simulation are applied directly to pressure sources placed in the diffuser inlets. This more realistic excitation aims the prediction of the resulting pressure amplitudes in the outlet chamber at different rotational speeds.
Simulation Model
For the 1D -hydroacoustic analysis the flow field is described by the system of partial differential equations as follows [16] .
A pipe as in Fig.4 is represented by a circuit as in Fig.5 . The equivalent scheme of a pipe consists of a resistance R h , a viscoelastic resistance R V e, an inductance L and a capacitance C. These parameters account respectively for both losses, inertia and storage effects and are given by:
In the used simulation package, the implicit finite difference method is used. More details can be found in [17] . The hydroacoustic model (Fig.6 ) consists of 12 pressure sources for the application of the pressure pulsations, 12 semi open valves, which count for the upstream conditions, 12 pipes for the diffuser channels and 12 pipes for the annulus ring. The annular ring is in one position directly connected to a reservoir, this creates a pressure node in this position. 
Discretization, Boundary Conditions, Fluid Properties
The spatial discretization of the calculation domain is depending on the frequencies of interest as well as of the hydroacoustic parameters. 9 nodes per diffuser channel and 10 nodes per annular ring section have been used to model a wavelength at 6th order of the impeller vane passing frequency, corresponding to an error on the eigen frequency determination below 1% [17] at frequencies below the frequency of interest. The RLC parameters of the calculation scheme have been calculated using Eq.9. The viscoelastic resistance has been calculated using values for the second viscosity of water measured by Foldyna et al. [18] . The wave speed in closed channels depends on the mechanical properties of the walls and can be calculated with the following relation:
The term ∆A/(A · ∆p) for the different machine components has been evaluated using a conventional FEM package (ANSYS), K e is the bulk modulus of elasticity of the fluid.
Free Oscillation Analysis
The acoustic eigen frequencies are determined with a free oscillation analysis in which the acoustic response of the model to an excitation with noise is analyzed. The excitation is applied at 12 diffuser inlets. The noise has been generated with a binary sequence (PRBS) as explained in [19] . The amplitude spectrum of the PRBS shows an even distribution over the frequency range of interest. The resulting amplitudes have been normalized with the mean aplitude of one excitation source, the frequencies are normalized to the first natural acoustic frequency of an open pipe f 0 having a length l eq equal the circumference of the ring chamber 
(11) Figure 8 shows the response in the casing opposite the outlet pipe to the PRBS excitation. Only the odd harmonics of the eigen frequencies are visible here since there is a pressure node at this position. Figure 9 shows the first 12 acoustic eigen modes in the annular chamber. The acoustic eigen modes and frequencies show at low frequencies deviations from the eigen frequencies of a single pipe. This implies that simplified analysis based on developed pipe lengths are in this case not recommendable.
Forced Oscillation Analysis
The pressure fluctuations obtained using CFD in the diffuser inlets were decomposed into Fourier series. The calculated Rotor-stator interaction
Excitation frequencies at different rotational speeds coefficients for frequencies up to the 6th harmonic of the impeller blade passing frequency were then used to reconstruct the time dependent pressure fluctuations to be applied on the pressure sources in the diffuser inlets. Figure 2 shows the comparison between the CFD result and the reconstructed signal. With this excitation, 3 cases at different rotational speeds have been calculated. The respective amplitudes and flow rates have been adapted using the similarity laws (Q ∼ n , H ∼ n 2 ). Table 2 shows the relation of frequencies and node numbers for the different simulation cases, Fig.10 the simulation results. The amplitudes have been normalized using the amplitude at the impeller blade passing frequency. In the first case a simulation at nominal rotational speed has been performed. For all analyzed frequency components exists a separation between the rotor-stator interaction pressure fluctuations and the acoustic eigen frequencies of the casing. The response amplitudes are very low. In a second case the rotational speed was selected in the way, that a rotorstator interaction mode matches an acoustic eigen frequency. The mode order of the rotor-stator interaction is lower than the acoustic mode order. The casing responds very strongly in the acoustic mode which was excited. In a last case the rotational speed was further reduced that a rotor-stator interaction mode hit an acoustic mode of the same order. Also here the casing responds strongly to the excitation but the amplification is smaller. Figure  10 shows waterfall diagrams of the acoustic response to the excitation. From this it can be concluded, that matching one of the acoustic eigen frequencies of the collecting chamber is sufficient to generate a strong acoustic resonance. The identity of the mode order is not necessary.
SUMMARY AND CONCLUSIONS
The results of the CFD as well acoustic simulations of rotorstator interaction induced pressure fluctuations in the last stage of a high energy multistage centrifugal pump have been presented. The CFD was capable to simulate the rotor-stator interaction induced pressure fluctuations and rotating modes as expected. With the free oscillation analysis it was possible to estimate the acoustic eigen frequencies and modes of standing waves in the outlet chamber. The forced oscillation analysis using the pressure fluctuation resulting from rotor-stator interactions showed that in the case an acoustic eigen frequency is excited, a strong amplification in the outlet chamber occurs. The order of the rotor-stator interaction mode has no influence on the amplification. These results allow to derive recommendations for the operation speeds of such kind of machines.
